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Abstract: We have revisited the possible existence and the binding mechanism of heavy hyperhydrogen
6
ΛH. This Λ hypernucleus is enriched in information about Λ hypernuclear dynamics which would shed a
light on significant role of coherent Λ-Σ coupling effect in neutron-rich nuclear medium, discussed by the
authors. Recently, reports on an experimental evidence of 6ΛH with theoretical comparison have appeared,
wherein the significance of the coherent coupling in 6ΛH has been criticized. In this report, we are revising our
previous work and give further theoretical analysis to confirm the influence of the ΛN -ΣN coupling effect in
the binding mechanism of 6ΛH.
1 Introduction
Super-heavy hydrogen 5H was successfully produced via 1H(6He, 2He)5H reaction [1]. It is a reso-
nance state at 1.7±0.3 MeV above the n+n+ t threshold with a width of 1.9±0.4 MeV. When a Λ
particle is added to it, ”hyper-heavy” hydrogen 6ΛH is obtained. Three events of the heavy hyperhy-
drogen 6ΛH have been identified in the FINUDA experiment at DAΦNE, Frascati by observing pi
+
mesons from the production reaction on 6Li target, in coincidence with pi− mesons from its weak
decay [2, 3]. The 6ΛH binding energy with respect to
5H+Λ has been determined jointly from the
production and the decay to be BΛ = 4.0± 1.1 MeV [2, 3].
A theoretical prediction of the ”hyper-heavy” hydrogen based on realistic ΛN -ΣN dynamics has
been given by Myint and Akaishi (M-A) in 2002 [4, 5, 6] which is 10 years before the experimental
observation of FINUDA. It is predicted to be a particle stable bound state with 2.1 MeV below the
threshold of 4ΛH+2n as shown in Fig. 1. When the coherent Λ-Σ coupling term is turned off, the
Λ-separation energy from 5H reduces to 4.4 MeV, and the state is only 0.7 MeV below the threshold.
The ΛN -ΣN coupling effects are coherently added to give 1.4 MeV attraction to the ground state.
The coherent Λ-Σ coupling plays a significant role in binding mechanism of this 6ΛH system. It has
been also shown that all the experimental binding energies of s-shell Λ-hypernuclei, 3ΛH,
4
ΛH and
5
ΛHe, are consistently reproduced by taking into consideration of the coherent Λ-Σ coupling effect
[7, 8].
2 Theoretical analysis of 6ΛH
Experimental evidence of 6ΛH has been given by Agnello et al. [2, 3]: It is claimed that the exper-
imental state is very close to Dalitz’s theoretical prediction, and also claimed that our M-A result
deviates from this experimental value. This statement, however, is based only on crude estimation.
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Figure 1: Energy level of 6ΛH(0
+) predicted by M-A is shown together with the coherent Λ-Σ coupling effect,
i.e. the ΛNN three-body force effect.
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Figure 2: Energy level shifts for 6ΛH(0
+) are shown together with the original and modified Dalitz’s theoretical
predictions and the FINUDA experimental value.
So, we make here a careful analysis on this matter. The binding energy of 6ΛH was originally pre-
dicted by Dalitz in 1963 [9] to be 4.2 MeV from the old 5H+Λ threshold level, which is similar to
our result as shown in Fig. 2. Later, the 5H was discovered to be a resonance state of +1.7 MeV
rather than a weakly bound state of -0.35 MeV [10] from 3H+2n. The energy level referred to as
Dalitz in [2, 3] is 2 MeV shifted upwards by just adding the difference between the resonance and
the bound states. Thus, this modified Dalitz state becomes very close to the experimental one. But
we do not think, from dynamical point of view, that this shift due to bound nn → unbound nn is
reasonable. We have made a three-body calculation of t-(nn)-Λ with phenomenological potentials
to reproduce Dalitz’s original result. The phenomenological potentials are as follows,
Vt(nn)(r) = −13.3 MeV exp[−(r/2.2 fm)
2], (1)
VΛt(r) = −45.4 MeV exp[−(r/1.53 fm)
2], (2)
V(nn)Λ(r) = −11.5 MeV exp[−(r/1.8 fm)
2]. (3)
The binding energies of 5H and 4ΛH systems obtained with the above first two interactions are 0.35
MeV (t-nn) and 2.4 MeV (Λ-t), respectively. The last one has no bound state, and is determined
so as to reproduce the original Dalitz’s binding, 4.55 MeV, of t-(nn)-Λ. Then, the interactions of
Eqs. (1), (2) are modified to give the zero (nn) binding from t in 5H as a step to the resonance and
to fit the presently accepted 2.04 MeV binding of 4ΛH. The obtained interactions are as follows;
Vt(nn)(r) = −10.5 MeV exp[−(r/2.2 fm)
2], (4)
VΛt(r) = −43.8 MeV exp[−(r/1.53 fm)
2]. (5)
As a result of these changes Dalitz’s value of 6ΛH binding is reduced from 4.55 MeV to 3.26 MeV
measured from the zero level of t+2n+Λ. If we make a further change from the zero (nn)-binding
to the 1.7 MeV resonance, the original Dalitz’s state for 6ΛH is shifted to be surely an unstable state
above the 4ΛH+2n threshold, which cannot survive till its weak decay to emit pi
−, as is shown in
Fig. 2. So some extra attraction like coherent ΛNN three-body force is required to explain the
FINUDA experimental data. Thus, the phenomenological shift to get the ”modified Dalitz” done
in [2, 3] is too easygoing way, which is not justified from the dynamical point of view.
Our theoretical prediction (M-A) of 6ΛH [4] is based on systematic analyses of three, four and
five-body s-shell Λ-hypernuclei. All the empirical Λ-separation energies are consistently reproduced
with realistic Nijmegen Y N potentials [11], as is shown in Fig. 3.
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Figure 3: Theoretical Λ energy levels (Λ separation energies) for s-shell hypernuclei and p-shell 6ΛH are
denoted together with respective experimental data (unit in MeV).
It should be stressed that the long-standing ”5ΛHe overbinding problem” [12] has been solved in
our treatment by taking into account the coherent Λ-Σ coupling effect: only in the six-body 6ΛH
case, there is a deviation from the FINUDA data. Now we are going to check whether this deviation
is serious or not. On the other hand, Dalitz’s approach has to solve the most difficult problem of
the 5ΛHe overbinding along with [12].
The FINUDA experimental value of 6ΛH is obtained from an average of three pair-events shown
in Fig. 4. Among the levels (1), (2), (3) detected by pi− it is quite unlikely from theoretical point
of view to observe the event (1) as a weak decay of the ground state, 6ΛH(0
+), since the state lies
above the strong-decay threshold, 4ΛH(0
+) + 2n. If we omit this event and take the average of the
remaining two events, (2) and (3), the experimental result comes close to our M-A. We should wait
for further experimental data with more statistics to conclude anything.
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Figure 4: Three candidate pair-events for the neutron-rich hypernucleus, 6ΛH [2, 3]. The levels (1), (2), (3)
detected by weak decay pi− are assigned to be the ground state which can be compared safely with theoretical
predictions.
3 Underlying physics of 6ΛH
Theoretical fitting to data is just a starting point but not the goal of study for underlying physics:
a naive comparison, done in [2, 3], of figures from phenomenological (Dalitz) and dynamical (M-A)
theories at different stages is rather meaningless. In M-A, we have discussed the importance of
coherent Λ-Σ coupling effects in 6ΛH as well as in s-shell Λ-hypernuclei. In Fig. 5 a process, where a
nucleon changes to an excited state after the interaction, is called incoherent coupling. The coherent
Λ-Σ coupling is a process in which a nucleon remains in its ground configuration after converting
Λ to Σ, while giving all other nucleons an equal footing to interact with the Σ. The coherent Λ-Σ
coupling of 6ΛH is obtained by folding a sum of interactions from three s-shell nucleons and from
two p-shell neutrons which are schematically described in Fig. 6.
In our studying of 6ΛH we used an extended Brueckner-Hartree-Fock (BHF) method with coupled
Λ-Σ mean-fields [4, 6, 7] obtained from the NSC97f potential [11]. The Λ-Σ coupling effect was found
to be 1.4 MeV with 1.6% of the coherent Σ component. The coherent Λ-Σ coupling contribution from
two p-shell neutrons in 6ΛH is not so large due to dilute distribution of the two neutrons. It does not
mean, however, non-significance of the coherent Λ-Σ coupling in dense neutron-rich matter. Figure
7 demonstrates the dependence of Λ binding energy, EΛ, and coherent Σ component, Pcoh.Σ, on the
core-nucleus size of 6ΛH. As the size becomes compact, the coherent effect grows to an appreciable
amount in this neutron-rich system.
NN
N
N
Σ
Σ
Coherent
Σ-mixing
Incoherent
Σ-mixing
Model Space Λ
gNΛ
gNΣ
g NΛ,
ΝΣ
Λ
Λ
Figure 5: Contributions from the coherent and from the incoherent Λ-Σ couplings in 4ΛH.
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Figure 6: Coupled channel Y N interactions with spin-isospin weights for 6ΛH(0
+).
It is noted that such coherent Λ-Σ coupling effects disappear in symmetric (N=Z) nuclear
matter. Thus, in order to treat neutron-rich Λ-hypernuclei, the usual BHF method for symmetric
case should be extended to the coupled-channel BHF method with the Λ-Σ transition mean-field
which causes the Λ-Σ hyperon-mixing [5].
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Figure 7: Usual and extended BHF calculations done with D2 interaction [7] for the 6ΛH system. The Λ
binding energy, EΛ, and the coherent Σ component, Pcoh.Σ, are given as functions of the core-nucleus size
varied artificially by using a harmonic oscillator model, h¯ω = h¯2/(Mb2ho).
4 Concluding remarks
The FINUDA data of 6ΛH [2, 3] could be a milestone towards the coherent Λ-Σ hyperon-mixing
in neutron-star matter [5]. In order to establish the strength of the coherent Λ-Σ coupling, we
need more experimental data with good statistics and more careful theoretical investigations of few-
body neutron-rich hypernuclei. We have a plan to conduct thorough investigation on 6ΛH as well
as 10Λ Li [13] within the coupled-channel Brueckner-Hartree-Fock framework. Concerning the heavy
hyperhydrogen, 6ΛH, some data from the J-PARC (pi
−,K+) experiment [14] are highly awaited.
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